tmRNA and small protein B (SmpB) are essential trans-translation system components. In the present study, we determined the crystal structure of SmpB in complex with the entire tRNA domain of the tmRNA from Thermus thermophilus. Overall, the ribonucleoprotein complex (tRNP) mimics a long-variable-arm tRNA (class II tRNA) in the canonical L-shaped tertiary structure. The tmRNA terminus corresponds to the acceptor and T arms, or the upper part, of tRNA. On the other hand, the SmpB protein simulates the lower part, the anticodon and D stems, of tRNA. Intriguingly, several amino acid residues collaborate with tmRNA bases to reproduce the canonical tRNA core layers. The linker helix of tmRNA had been considered to correspond to the anticodon stem, but the complex structure unambiguously shows that it corresponds to the tRNA variable arm. The tmRNA linker helix, as well as the long variable arm of class II tRNA, may occupy the gap between the large and small ribosomal subunits. This suggested how the tRNA domain is connected to the mRNA domain entering the mRNA channel. A loop of SmpB in the tRNP is likely to participate in the interaction with alanyl-tRNA synthetase, which may be the mechanism for the promotion of tmRNA alanylation by the SmpB protein. Therefore, the tRNP may simulate a tRNA, both structurally and functionally, with respect to aminoacylation and ribosome entry.
T rans-translation is an important quality control process in bacterial cells that recycles ribosomes accidentally stalled by defective mRNAs (1, 2) . This system is ubiquitous in Bacteria, and is facilitated by tmRNA. Alanyl-tmRNA is delivered to the empty A site of the ribosome. Translation then resumes, using the mRNA portion of tmRNA, which encodes a tag targeted by a specific protease. Small protein B (SmpB), another key molecule for transtranslation (3), is highly conserved among all bacteria and some organelle genomes [supporting information (SI) Fig. 6 ]. The multifunctional roles of SmpB include alanylation enhancement of tmRNA and association with tmRNA entering the empty A site of the ribosome (4-6). The ␤-barrel structure of SmpB, revealed from two bacterial species, seems to have adapted to interact with the tmRNA to facilitate their association with translational components (7, 8) . The structure of the T arm and a portion of the D loop domain of tmRNA in complex with SmpB was reported, using the Aquifex aeolicus sequence (9) , which revealed that the surface of the SmpB ␤-barrel structure strongly bound to the single-stranded D loop. To clarify how the tmRNA interacts with SmpB and to determine the functional mechanism on the ribosome, we solved the crystal structure of the entire tRNA domain with SmpB from Thermus thermophilus HB8.
Results and Discussion
Structure Determination. To create a stable, but still functional, tRNA domain of tmRNA ( Fig. 1 A and B) , several stem mutants, for slipless folding in vitro, were tested for the activation of alanylation in the presence and absence of SmpB (Fig. 1C) . The candidate named tmRNA-TDc, which enhanced alanylation more than the wild-type tmRNA, was used in crystallization trials (Fig.  1B) . The 3Ј CCA terminus of tmRNA-TDc and the reportedly unfolded C-terminal tail of SmpB were truncated for crystallization. The successfully determined crystal structure of tmRNA-TDc with SmpB clearly showed that SmpB corresponded to the anticodon and D stem of the L-shaped tRNA ( Fig. 1 D and E) . This structure agrees with a biochemical report of SmpB acting as an anticodon arm of tRNA for GTP hydrolysis of EF-Tu on the ribosome (6). We also found that the linker helix (P2a in Fig. 1B ) between the tRNA and mRNA domains was located behind the L-shaped region of the tRNA (Fig. 1D ). This structure most closely mimics those of the class II tRNAs, which have longer variable arms (Fig. 1F ). To verify this idea, we superimposed the structure of tmRNA-TDc with SmpB onto all three (serine-, tyrosine-, leucinetRNA) kinds of bacterial class II tRNAs (SI Fig. 7 ). The data showed good consistency between them, especially in terms of the orientation of the variable arms against the tertiary structure of the L-shaped region. The overall structure of SmpB-bound tmRNATDc is most consistent with that of tRNA Ser , which has the longest variable arm among the class II tRNAs (10) .
Interaction Between the T Loop and the D Loop of tmRNA. Despite the shortness of the D arm of tmRNA, the interaction between the T and D loops of the tmRNA was almost the same as that in a normal tRNA ( Fig. 2 A and B) . Because tmRNA has the same modified tRNA bases in the T loop (11), we prepared tmRNA-TDc with modified bases to stabilize the RNA structure for crystallization, by connecting the 5Ј-half of the RNA transcript with synthesized RNA containing T54 (327) and ⌿55 (328) (Fig. 1B) . The T54 (327) base made a reverse-Hoogsteen base pair with A58 (331) inside the T loop (12) . The ⌿55 (328) and C56 (329) dinucleotide of the T loop formed base pairs with G12 and G13 of the shortened D loop, consistent with 2D NMR analyses for the minimal tRNA-like domain of A. aeolicus tmRNA (13) . The G12 and G13 dinucleotide in the D loop is conserved among almost all tmRNAs, as is the G18 and G19 dinucleotide in the D loop of tRNAs. The base stacking of A58 (331, T loop), G12 (D loop), G57 (330, T loop), and G13 (D loop) in tmRNA also contributes toward stabilizing the interaction between the T and D loops, in the same manner as in the tRNA (m 1 A58, G18, G57, and G19) ( Fig. 2 A and B) .
The Central Core of the tmRNA⅐SmpB Complex. The base arrangement in the central core region is dissimilar between the tRNA domain of tmRNA and a normal tRNA ( Fig. 2 C-F) . However, despite the deficient D stem, we found that tmRNA adopted a similar basestacking organization as in tRNA. In the normal tRNA, the G15-C48 Levitt pair, which connects the D loop and the variable loop, stacks with U59 of the T loop (Fig. 2D) . The U8 base, between the acceptor stem and the D stem in the cloverleaf, participates in the A14-A21 base pair of the D arm, and also forms base-stacking interactions below the G15-C48 Levitt pair. On the other hand, the A8 of tmRNA directly stacks with C59 (332) of the T loop alone, because tmRNA has no bases corresponding to C13, A14, and G15 of the normal D arm of tRNA (Fig. 2C) . Instead, surprisingly, the side chains of three amino acids (Arg-35, Phe-107, and Val-31) of the SmpB protein play the role of the D-arm bases in the canonical tRNA. The side chain of Arg-35, which is conserved among all bacteria, stacks with the A8 of tmRNA, and approaches C48 (321) to mimic base pairing ( Fig. 2C and SI Table 2 ). Furthermore, Phe-107 and Val-31 of SmpB, instead of the C13-G22 pair in the D stem of tRNA, form a consecutive stacking structure by interacting with the side chain of Arg-35 and C48 (321) of tmRNA, respectively. The function of these two residues are conserved with branched chain and/or aromatic amino acids in the sequence alignment (SI Fig. 6A ), as they are generally used as stacking structures with nucleic acids. These findings suggest that the tmRNA terminus and the SmpB mimic tRNA by their collaboration, not only in the overall structure but also at the level of the detailed structure. The two NMR structures of SmpB alone also revealed that the central loop is dynamically flexible, and a particular structure could not be determined (7, 8) . In the 1.7 Å resolution structure of T. thermophilus SmpB [Protein Data Bank (PDB) ID code 1WJX], the central loop is disordered, showing that it must be flexible when the protein is alone. The cocrystal of the partial tRNA domain and SmpB from A. aeolicus also lacked structural assignments for the loop of SmpB (9) . Here, we could spatially assign the loop, because the structure of the entire tRNA domain became obvious. The main and/or side chains of Gly-66 and Ser-67 contact the backbone of A67 (340) and C68 (341) in the acceptor stem ( Fig. 1B and SI Table 2 ). These contacts are stabilized by the interaction between the side chain of Tyr-63 (supported by Pro-62) and G49 (322) of the T stem, near the acceptor stem. Despite the low sequence homology in this SmpB loop, the Gly-66 (Ala) and Ser-67 (Thr or Asn) residues are weakly conserved among bacteria, considering the structural information. The Pro-62 and Tyr-63 residues are well conserved among bacteria. Because the alanylation of tmRNA is activated by SmpB, the SmpB loop would contribute toward stabilizing the tertiary structure of tmRNA, especially the coaxial structure of the T stem and the acceptor stem. The base pair U50 (323)-A64 (337), which was replaced by a GC base pair to avoid slippage in the T stem, could be involved in the alanylation of tmRNA, in a structural manner ( Fig. 1 B and C) . The bases of tmRNA that contact the loop of SmpB are adjacent to the G3-U70 (343) wobble pair ( Fig. 3 A and  B) , which is an important tRNA identity determinant of alanyltRNA synthetase (AlaRS). We found that the catalytic domain of AlaRS docked with tRNA is superimposable with the complex of tmRNA and SmpB, without steric hindrance (Fig. 3C) . In the model, the loop of SmpB is close to the conserved helix of the AlaRS RRD1 domain (14) , suggesting a collaboration between the proteins for the alanylation of tmRNA. This agrees with the results of a biochemical assay, which revealed that the C-terminal tail of SmpB is not required for the enhancement of aminoacylation (15) .
The SmpB⅐tmRNA Complex on the Ribosome. The conserved residues on the surface of SmpB are concentrated in the region near the variable arm of tmRNA (␤5) and in the corresponding region of the anticodon loop (␣1 and ␤7), especially position 38 of the tRNA (Fig.  4 A and B) . The superimposed model of tmRNA-TDc on the A-site tRNA in the 70S ribosome revealed that the C-terminal region of SmpB was close to the decoding region of the 30S ribosomal subunit (Fig. 4 C and D) . The region of SmpB corresponding to the 3Ј-part of the anticodon loop might be important, in the same way that tRNA eventually contacts the helices of rRNA or ribosomal proteins (16, 17) . On the ␤5 strand of SmpB, the conserved residues orient the linker helix (P2a) in the proper direction (Fig. 4A) . Therefore, the linker helix of tmRNA-TDc can fit well into the space between the 50S and 30S subunits (Fig. 4D) . Especially, the side chain of Leu-80 functions as a wedge, by mimicking the base of a nucleotide again and stacking with the A19 and U16 bases (SI Fig. 7D ). The tandem GU wobble pairs (G22-U43 (316), G23-U42 (315) in Fig. 1B ) bend the linker region to the bottom side of the molecule. This could cause the mRNA region of the tmRNA to be directed to the decoding region of the empty A site during transtranslation. From the view looking down from the acceptor stem, the P2a linker helix of tmRNA-TDc bends to the left side, as in other long-variable-armed tRNAs (SI Fig. 7C ). This helix might need to enter the limited space of the A site of the ribosome, because the mRNA domain of tmRNA is located on the entry site of the ribosome in a cryo-EM structure (18) . Because the linker helix is spatially equivalent to the long-variable arm of a class II tRNA, the tmRNA could be moved from the A site to the P site (19) by the linker region passing beneath the bridge of the A-site finger (helix 38 of 23S rRNA), as in a class II tRNA. This suggests that the tRNA domain could be in the P site, without necessarily dissociating from SmpB. This idea is supported by the recent report describing the footprinting of SmpB with the ribosome, which showed that SmpB could bind the rRNA around the P (E) site in addition to the A site (20) .
Interaction of tmRNA with tRNA. Although the spatial arrangement of the D loop of tmRNA was completely different from that of a canonical tRNA, it still shared some structural conservation with the canonical tRNA ( Fig. 5 A and B) . In the D-loop region of a canonical tRNA, the G18 base-paired with ⌿55 makes an acute turn from the previous nucleotide (D17), which causes the D16 and D17 bases to point toward the outside of the tRNA (Fig. 5B ). This orientation of D16 would be important to stabilize the aminoacyltRNA in the A site, because the D16 base of the aminoacyl-tRNA and the U47 base of the peptidyl-tRNA are within hydrogenbonding distance in the crystal structure of the 70S ribosome ( Fig.  5D ) (16) . The G12 in tmRNA, which is base-paired with ⌿55 (328), also makes an acute turn from the previous C11, as in normal tRNA (Fig. 5A) . Because of the lack of a D stem in the tmRNA, the A10 and C11 in the D loop are directly followed by the acceptor stem, and both bases face the outside of the tRNA domain, because the C59 (332) and U60 (333) bases of the T loop stabilize the backbones of A10 and C11 (Figs. 2C and 5A ). Despite the different trace from that of the tRNA, the A10 and C11 bases of the aminoacyl-tmRNA could point toward the peptidyl-tRNA and be stabilized in the A site of the ribosome, as in normal translation (Fig. 5C ).
Functional Mimicry of tRNA by the SmpB⅐tmRNA Complex. These findings all indicate that the SmpB-bound tmRNA functionally mimics a canonical tRNA as a ribonucleoprotein complex (tRNP), during aminoacylation and entry into the ribosome. Because the acceptor stem of the tmRNA was refined in this study, we could accurately specify the location of the SmpB on the ribosome by superimposition. Although the structure of SmpB is truncated in the crystal structure, it is obvious that the C-terminal tail of SmpB should play an important role in the trans-translation activity of the ribosome (6, 21) , because the ␤7 strand of SmpB structurally corresponds to the anticodon loop (Fig. 4 A and B) . On the superimposed model, the tip of the anticodon loop is empty in the tmRNA and SmpB, which reminds us that the C-terminal tail could occupy this area on the ribosome. The trans-translation system would be maintained by coevolution between the tmRNA and its supporting cofactor SmpB, with adaptation to multiple counterparts in the series of reactions in bacteria. (14); that is, it represents individual superpositions of AlaRS (PDB ID code 1RIQ) and tmRNA-TDc, on the structure of the complex of AspRS and tRNA Asp (PDB ID code 1C0A) (37) . 
Materials and Methods
Protein Expression and Purification. The C-terminally truncated SmpB (123 of 144 amino acids) from T. thermophilus HB8 was expressed from pET-11b (Novagen, Madison, WI) in E.coli strain BL21-CodonPlus(DE3)-RP (Stratagene, La Jolla, CA). The harvested cells were resuspended in 50 mM Hepes buffer (pH 7.5) containing 1 M NaCl, 1 mM EDTA, 5% glycerol, 6 mM 2-mercaptoethanol, and 0.5 mM PMSF. After sonication and centrifugation at 15,000 ϫ g for 30 min, the supernatant was heat-treated at 70°C for 30 min and purified by a series of Butyl-Toyopearl, HiTrap-butyl, heparin-Toyopearl, and source-15S column chromatography steps (Tosoh, Montgomeryville, PA). The buffer of the purified protein sample was finally exchanged by dialysis to 50 mM Hepes buffer (pH 7.0) containing 100 mM KCl. The yield was Ϸ10 mg per 1 g wet cells.
RNA Preparation. The tRNA domains of T. thermophilus tmRNA (tmRNA-TDa) and its mutants (tmRNA-TDb and tmRNA-TDc) were transcribed in vitro by using T7 RNA polymerase. The sequences used were 5Ј-GGGGGUGAAACGGUCUC-GACGGGGGUC-GAGA-GACCUUCGGACGGGGGUUC-GACUCCCCCCACCUCCACCA-3Ј (tmRNA-TDa), 5Ј-GG-GGGUGAAACGGUCUCGACAGGGGUC-GAGA-GACC-UUUGGACGUGGGUUCGACUCCCACCACCUCCACC-A-3Ј (tmRNA-TDb), and 5Ј-GGGGGUGAAACGGUCUCG-ACAGGGG-UUCG-CCUUUGGACGUGGGUUCGACUC-CCACCACCUCCACCA-3Ј (tmRNA-TDc), respectively. The replaced base-pairs in the stems (italic) were selected by considering the preservation of conserved nucleotides among bacterial tmRNA and tRNA Ala (22, 23) .
Aminoacylation Assay. We carried out the aminoacylation assay at 50°C, in a 50-l reaction mixture containing 100 mM EPPS (pH 7.5), 50 mM KCl, 12 mM MgCl 2 , 5 mM ATP, 12 M L-[U-14 C]alanine (5.99 GBq/mmol), 100 nM T. thermophilus alanyltRNA synthetase (AlaRS), and 1.2 M each examined tmRNAtranscript in complex with or without SmpB. At appropriate time points, aliquots of samples were mixed with a 10-fold volume of 5% trichloroacetic acid, and were incubated for 30 min on ice. The quenched samples were spotted on Whatman (Clifton, NJ) 3MM paper. The papers were washed at least twice with 5% trichloroacetic acid, and the radioactivity was measured with a liquid scintillation counter.
Crystallization and Data Collection. For crystallization of the tm-RNA-TDc complex with SmpB, the RNA was prepared by a T4 RNA ligase (24) reaction of a 5Ј-triphosphate transcript (41 nt) and a 22-nt synthetic RNA (Dharmacon, Lafayette, CO). The RNA has T54 (327) and ⌿55 (328) in the T loop and lacks C74 (347), A75 (348), and A76 (349) at the 3Ј-terminus, for stable folding and crystallization. The complex of T. thermophilus tmRNA-TDc and SmpB was crystallized by the hanging-drop vapor diffusion method, using a reservoir solution of 50 mM Hepes buffer (pH 7.0) containing 10 mM MgCl 2 , 0.3 mM hexaamine cobalt(III) chloride, 1.8 M ammonium sulfate, and 2% (vol/vol) glycerol. Rectangularparallelepiped crystals grew to dimensions of 0.3 ϫ 0.2 ϫ 0.1 mm at 20°C in 7 days. For data collection, the crystals were frozen in liquid nitrogen with 16% glycerol as a cryoprotectant. All diffraction data sets were collected at the NW12A beamline at the Proton Factory Advanced Ring (Tsukuba, Japan), and were processed by the use of the HKL2000 software suite (25) .
Structure Determination and Refinement. We solved the structure by molecular replacement with the program MOLREP (26), using the 
‡ Rfree is the same as Rwork, but calculated by using a small fraction (7.4%) of randomly selected reflections with twinning rules. 1.7-Å resolution structure of T. thermophilus SmpB (PDB ID code 1WJX) and the 3.2-Å resolution structure of A. aeolicus partial tRNA domain of tmRNA (9) as search models. The model (3.0 Å) was built and refined manually with the programs O (27) and CNS (28) , using an operator (h, -k, -l) in the pseudomerohedral perfect twin (29) . Data collection and refinement statistics for the structure are summarized in Table 1 . The quality of the protein model was inspected by PROCHECK (30) . Structure representations were prepared with PYMOL (www.pymol.org) and RIBBONS (31) . Hydrophobic or hydrogen bonded contacts between the tmRNATDc and the SmpB protein were calculated by using LIGPLOT programs (32) . Coordinates and structure factors have been deposited in the PDB (ID code 2CZJ).
